The quest for both strength and toughness is perpetual in advanced material design; unfortunately, these two mechanical properties are generally mutually exclusive. So far there exists only limited success of attaining both strength and toughness, which often needs material-specific, complicated, or expensive synthesis processes and thus can hardly be applicable to other materials. A general mechanism to address the conflict between strength and toughness still remains elusive. Here we report a first-of-its-kind study of the dependence of strength and toughness of cellulose nanopaper on the size of the constituent cellulose fibers. Surprisingly, we find that both the strength and toughness of cellulose nanopaper increase simultaneously (40 and 130 times, respectively) as the size of the constituent cellulose fibers decreases (from a mean diameter of 27 μm to 11 nm), revealing an anomalous but highly desirable scaling law of the mechanical properties of cellulose nanopaper: the smaller, the stronger and the tougher. Further fundamental mechanistic studies reveal that reduced intrinsic defect size and facile (re)formation of strong hydrogen bonding among cellulose molecular chains is the underlying key to this new scaling law of mechanical properties. These mechanistic findings are generally applicable to other material building blocks, and therefore open up abundant opportunities to use the fundamental bottom-up strategy to design a new class of functional materials that are both strong and tough.
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strength | toughness | scaling law | cellulose | hydrogen bond T he need for engineering materials that are both strong and tough is ubiquitous. However, the design of strong and tough materials is often inevitably a compromise as these two properties generally contradict each other (1) . Toughness requires a material's ability of dissipating local high stress by enduring deformation. Consequently, hard materials tend to be brittle (less tough); lower-strength materials, which can deform more readily, tend to be tougher (2, 3) . For example, the toughness of metals and alloys is usually inversely proportional to their strength (4) . Acknowledging such a necessary compromise, one would expect that research on advanced material design would be focused on achieving an optimum combination of these two properties. Indeed much research effort is focused on pursuing higher strength, with rather limited corresponding regard for toughness (5) (6) (7) (8) (9) (10) . One example is the enthusiasm sparked by the discovery of carbon nanotubes (CNTs), which exhibit remarkably high strength. However, it still remains uncertain how such a strong material can be incorporated with bulk materials to benefit from its high strength without sacrificing toughness.
There have been tremendous efforts recently to develop materials with higher strength using smaller material structures. For example, by decreasing the grain size of metals, dislocation motions (thus plasticity) are more restricted, leading to a higher strength (5) (6) (7) (8) (9) (10) . However, such treatments also minimize possible mechanisms (e.g., crack-tip blunting) to relieve local high stress, resulting in lower toughness. The atomic scale origins of high strength of a material, e.g., strong directional bonding and limited dislocation mobility, are also essentially the roots for brittleness of the material. In short, the well-recognized scaling law of "the smaller, the stronger" comes at a price of sacrificing toughness (Fig. 1) .
The prevailing toughening mechanisms can be categorized into two types: intrinsic and extrinsic. Intrinsic toughening operates ahead of a crack tip to suppress its propagation; it is primarily related to plasticity, and thus the primary source of fracture toughness in ductile materials. Recent progress involves introducing highdensity nanotwin boundaries in metals to achieve high strength and toughness (11) (12) (13) (14) (15) . Intrinsic toughening mechanisms are essentially ineffective with brittle materials, e.g., ceramics, which invariably must rely on extrinsic toughening (2) . Extrinsic toughening acts mainly behind the crack tip to effectively reduce the crackdriving force by microstructural mechanisms, e.g., crack bridging and meandering and crack surface sliding (16) (17) (18) . A counterintuitive but successful example is the development of bulk metallic glass (BMG)-based composites, in which a crystalline dendrite second phase is introduced into the BMG matrix to promote the formation of multiple shear bands, leading to a strong and also tough material (3, 9, 16, (19) (20) (21) . Intrinsic and extrinsic toughening mechanisms are also found to be effective in natural materials (e.g., bones and nacres), which often involve the hierarchical structure and/or a "brick-and-mortar" hybrid microstructure of the material (22) (23) (24) (25) (26) . Nature-inspired toughening mechanisms are also used to synthesize biomimetic structural materials. Nonetheless, so far, there exists only rather limited success in attaining both strength and toughness, which often involve material-specific, complicated (e.g., growing high density nanotwins), or expensive Significance A long-standing challenge in material design is to overcome the conflict between strength and toughness, because they are generally mutually exclusive. To address this challenge, we rationally design cellulose-based nanopaper and investigate the dependence of their mechanical properties on constituent cellulose fiber size. Surprisingly, we find that both the strength and toughness of the nanopaper increase simultaneously (40 and 130 times, respectively) as the average diameter of constituent cellulose fibers decreases from 27 μm to 11 nm, suggesting the promising potential toward an anomalous but highly desirable scaling law: the smaller, the stronger and the tougher. There are abundant opportunities to use the fundamental bottom-up strategy to design a novel class of functional materials that are both strong and tough. (e.g., BMG-dendrite composites) synthesis processes and thus are hardly applicable to other materials. A general and feasible mechanism to address the conflict between strength and toughness still remains elusive.
Aiming to shed insight on the long-sought strategy addressing the conflict between strength and toughness, we rationally design cellulose-based nanopaper and investigate the dependence of their mechanical properties on constituent cellulose fiber size. Surprisingly, we find that both the strength and toughness of the nanopaper increase simultaneously (40 and 130 times, respectively) as the size of the constituent cellulose building blocks decreases (from a mean diameter of 27 μm to 11 nm). These stimulating results suggest the promising potential toward a new and highly desirable scaling law: the smaller, the stronger and the tougher (Fig. 1) . Though the increasing strength as the diameter of cellulose fiber decreases can be attributed to reduced intrinsic defect size, and the dependence is well captured by a continuum fracture mechanics model, our atomistic simulations reveal that facile formation and reformation of strong hydrogen bonding among cellulose chains is the key to the simultaneously increasing toughness. These mechanistic findings that underpin the highly desirable scaling law of mechanical properties suggest a fundamental bottom-up material design strategy generally applicable to other material building blocks as well, and therefore open up abundant opportunities toward a novel class of engineering materials that are both strong and tough.
Cellulose is the most abundant biopolymer on Earth and has long been used as the sustainable building block for conventional paper. Cellulose has appealing mechanical properties, with specific modulus [∼100 GPa/(g/cm 3 )] and specific strength [∼4 GPa/(g/cm 3 )] higher than most metals and composites, and many ceramics, making it as a promising building block for functional and structural materials (27) . Wood fibers are the main natural source of cellulose and have an intrinsically hierarchical structure (Fig. 2) . A 20-to ∼50-μm-thick native wood fiber comprises thousands of nanofibrillated cellulose (CNF) fibers (5-50 nm in diameter), each of which can be disintegrated into finer elementary fibrils consisting of cellulose molecular chains (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) . Cellulose molecule is a linear chain of ringed glucose molecules, with a repeat unit (Fig. S1 ) comprising two anhydroglucose rings (C 6 H 10 O 5 ) linked through C-O-C covalent bond. Rich hydroxyl groups in cellulose molecule (six in each repeat unit) enable facile formation of hydrogen bonds, both intrachain and interchain (Fig. 2) . Whereas the intrachain hydrogen bonding stabilizes the linkage and results in the linear configuration of the cellulose chain, interchain hydrogen bonding among neighboring cellulose molecules plays a pivotal role in the deformation and failure behaviors of cellulose-based materials.
In this study, cellulose fibers of different mean diameters [27 μm (native fiber), 28 nm, and 11 nm, respectively] are isolated from wood cell walls using a top-down approach and characterized (SI Text and Figs. S2 and S3). Cellulose nanopaper is made of a highly entangled random network of CNF fibers ( Fig. 3A ; Materials and Methods). Regular paper made of 27-μm native cellulose fibers with the same mass per area as the nanopaper is also fabricated as the control. The mechanical properties of both the cellulose nanopaper and regular paper are measured according to ASTM Standard D638 (details in SI Text). Fig. 3B shows the typical tensile stress-strain curves of cellulose nanopaper made of fibers of mean diameters of 11 and 28 nm, and that of regular paper made of fibers of mean diameter of 27 μm, respectively. Five samples of each mean fiber diameter are tested and the resulting stress-strain curves are consistent. The stress-strain curve of cellulose nanopaper made of 20 nm fibers in ref. 37 is also plotted in Fig. 3B . Table 1 lists the mechanical properties of the cellulose nanopaper and regular paper measured from the stress-strain curves: ultimate tensile strength (measured by the maximum stress that the paper can sustain before fracture), toughness (work to fracture, measured by the area under a stress-strain curve), and tensile strain at fracture, for mean fiber diameter of 11 nm, 20 nm, 28 nm, and 27 μm, respectively. The mean value and standard deviation of each property for each mean fiber diameter are calculated from the measurement of five samples.
Results and Discussions
Fig . 3C shows the ultimate tensile strength and toughness of the cellulose nanopaper and regular paper for four different mean diameters of cellulose fibers. Surprisingly, as cellulose fiber diameter decreases, both the ultimate tensile strength and toughness of the cellulose paper increase dramatically. As the mean fiber diameter decreases from 27 μm to 11 nm, the ultimate tensile strength increases more than 40 times from 6.7 MPa (regular paper) to 275. ) as the mean cellulose fiber diameter decreases from 27 μm to 11 nm (Figs. S4 and S5). The increased toughness is a result of increased ultimate tensile strength and failure strain with decreasing fiber diameters, as evident in Fig. 3B . In other words, by tuning the constituent fiber diameter, we demonstrate an anomalous scaling law of mechanical properties of cellulose nanopaper: the smaller, the stronger and the tougher. There is no tradeoff between tensile strength and toughness, a highly desirable feature in advanced material design. Fig. 3D shows the tensile strength of cellulose paper as a function of the mean fiber diameter, and clearly depicts the scaling law of the smaller, the stronger, which can be attributed to the reduced intrinsic defect size in constituent cellulose fibers as their diameter decreases, as justified below.
Under tension, the initially entangled random cellulose fiber network deflects and twists to align parallel to the tensile direction. As the tensile load increases, the straightened cellulose fibers begin to fracture, resulting in an overall failure of the paper. This failure mechanism is supported by the SEM observation of the fractured cross section of test samples, showing the CNF fibers are aligned along the tensile loading direction at failure (SI Text). In this sense, the failure stress of an individual cellulose fiber gives a reasonable estimate of the overall tensile strength of nanopaper. A theoretical fracture mechanics model (Fig. S6 , details in SI Text) predicts that the ultimate tensile strength of the cellulose nanopaper σ UTS ∝ 1= ffiffiffiffi D p , with D being the mean fiber diameter. Fig. 3D demonstrates excellent agreement between such a theoretical prediction and experimental measurement (from two independent sources: present study and ref. 37 ) of the dependence of σ UTS of cellulose nanopaper and regular paper on constituent fiber diameter over three orders of magnitude, and thus offers strong evidence for the above mechanistic understanding of the scaling law of tensile strength of cellulose nanopaper.
To further shed insight on the anomalous scaling law of strength and toughness of the cellulose nanopaper, we also fabricate single-walled CNT (SWCNT) films with a thickness of 20 μm using the same filtration and drying method as in cellulose nanopaper fabrication. The mean diameter of the constituent SWCNT bundles is 11 nm, comparable to that of the CNF fibers in our strongest and toughest cellulose nanopaper. Tensile test of the SWCNT films is executed under the same conditions as for the cellulose nanopaper. The fractured cross-section of the SWCNT film after the tensile test is examined with SEM (Fig. S7) . The initially random network of SWCNTs aligns parallel to the loading direction before fracture, suggesting the similar deformation/ failure mechanism as that of the cellulose nanopaper (Fig. S8) . By contrast, the comparison of the stress-strain curves of the SWCNT film and cellulose nanopaper reveals significant difference. Despite the exceptional mechanical properties of individual SWCNTs (e.g., with a tensile strength of ∼100 GPa), the SWCNT film yields a tensile strength of 31 MPa, and a toughness of 0.06 MJ/m 3 , consistent with the data reported in literature (38) but drastically lower (9 times and 195 times, respectively) than those of our cellulose nanopaper made of 11-nm CNF fibers.
Based on the above results, we envision the following mechanistic understanding on the exceptional mechanical properties and anomalous scaling law of cellulose nanopaper: though the increase in tensile strength of cellulose nanopaper is attributed to reduced defect size as the constituent CNF fiber size decreases (the smaller, the stronger); the simultaneous increase in toughness essentially results from the significant increase of strong hydrogen bonding among CNF fibers as their diameter decreases (and thus their surface area increases). Fig. 4 further clarifies the envisioned molecular-level toughening mechanism of cellulose nanopaper.
Under tension, the initially entangled CNF network deflects and twists to align parallel to the tensile direction. As the load increases, the straightened CNF fibers begin to slide relative to each other, and the pulling-off and fracture of such fibers eventually leads to the overall failure of the nanopaper. Unlike covalent bonding, hydrogen bonding between hydroxyl groups readily reforms after bond breaking due to interfiber sliding. If a cellulose fiber fractures under tension, the fractured segments remain bonded to neighboring fibers. In other words, mechanical failure of nanopaper involves both fiber fracture and a cascade of hydrogen bond breaking and reforming events (as illustrated in Fig. 4 ), which dissipate a significant amount of energy, and thus result in much enhanced fracture toughness.
By contrast, a SWCNT film lacks such a mechanism. Bonding between SWCNTs in the film is essentially van der Waals (vdW) forces, which are much weaker than the hydrogen bonding between hydroxyl groups in the cellulose nanopaper. Therefore, pulling out a SWCNT from the film dissipates much less energy than pulling out a CNF fiber from the cellulose nanopaper, which explains the significantly lower toughness and tensile strength of the SWCNT film compared with the cellulose nanopaper.
To confirm the above-envisioned mechanistic understanding, we carry out atomistic modeling to simulate the key deformation and failure process in both cellulose nanopaper and SWCNT films (details in SI Text). Fig. 5 illustrates the hydrogen bond breaking and reforming process by a model that is representative of the molecular-level deformation events in a cellulose nanopaper under tension. A cellulose bundle contains seven cellulose chains (each with four repeat units) that are packed in a pattern as in cellulose crystal so that one cellulose chain is completely surrounded by other six chains (Fig. 5A) . We simulate the pulling out of the center chain from the bundle by applying a constant velocity on the right end of the center chain. Fig. 5B plots the variation of the total potential energy of the simulation model as a function of the pulling-out displacement, which clearly shows a zigzag fluctuation profile. Fig. 5B , Insets, reveal that the zigzag energy fluctuation captures the hydrogen bond breaking and reforming events: the potential energy ramps up to a local maximum (e.g., first peak in Fig. 5B ) as the hydrogen bond stretches to the most, followed by a sudden drop of the potential energy to a local minimum (the first trough), which corresponds to the hydrogen bond with a constant velocity on the right end of the breaking and hydroxyl groups relocating to a new bonding site. The potential energy then ramps up again and reaches next local maximum, indicating the newly formed hydrogen bond stretches to the most. The above events repeat until the center chain is completely pulled out of the bundle. Fig. 5C illustrates relative cellulose chain sliding, during which a series of hydrogen bond breaking and reforming events happen when neighboring hydroxyl groups come close to each other. The boxed region shows the evolution of newly formed hydrogen bonding region during the pulling-out process. We believe that the combination of collective strength of massive hydrogen bonds and the repeated energy dissipation that is needed to completely separate two cellulose bundle surfaces (after a major series of hydrogen bond breaking and reforming events) renders the anomalous scaling law of the mechanical properties of cellulose nanopaper, which is further supported by molecular dynamics simulation of the fiber-scale deformation process in cellulose nanopaper and SWCNT films, as detailed below. The atomistic scale toughening mechanism envisioned and proved above is in line with recent studies on the interfacial energy between cellulose nanocrystals (39, 40) . For example, it is shown that hydrogen bonds can always reform despite the configuration of how the CNFs intersect each other (39) . The deformation of cellulose nanopaper (or a SWCNT film) under tension is accommodated by the relative sliding between neighboring CNF fibers (or CNT bundles). Such a relative sliding can be decomposed into two sliding modes: parallel sliding and perpendicular sliding. Note that the surface area in direct contact in two neighboring fibers (e.g., within the range of effective hydrogen bonding formation or vdW interaction) is often only a small portion of the whole fiber surface. Under such a consideration, Fig. 6A shows the simulation model of the two surface areas in direct contact for parallel sliding between two CNF fibers (Fig. S9) , each of which consists of an array of 6 × 3 cellulose chains, with 7 and 14 repeat units (i.e., 7.7 and 15.4 nm) in each chain, and that between two SWCNT bundles, each of which consists of 3 (15, 0) SWCNTs, with length of 7.8 nm and 15.7 nm, respectively. Fig. 6B shows the corresponding simulations models for perpendicular sliding between two CNF fibers and that between two SWCNT bundles. Fig. 6C plots the variation of total potential energy as a function of relative displacement of parallel sliding between two CNF fibers and that between two SWCNT bundles. For the case of CNF fibers, zigzag fluctuation of potential energy is of substantial amplitude. Each peak in the curve corresponds to an energy barrier that the external load needs to overcome (i.e., work done by the load) to drive the relative sliding between neighboring CNF fibers. The variation of total hydrogen bonding energy is also plotted in Fig.  6C for comparison, which matches well with that of the total potential energy in terms of both peak location and amplitude, offering strong evidence for the cascade of events of hydrogen bond breaking and reforming during the sliding process and the dominant role of hydrogen bonding in the toughening mechanism of cellulose nanopaper. In other words, the sum of all of the work associated with the repeated breaking and reforming of strong hydrogen bonds among neighboring CNF fibers before final failure essentially dominates the toughness of the cellulose nanopaper. Therefore, the scaling law of the smaller, the tougher can be readily understood by the fact that the contact area between neighboring CNF fibers (thus the total number of hydrogen bonds) increases significantly as the diameter of CNF fibers decreases. By contrast, for the case of SWCNT bundles, the potential energy variation is of much smaller amplitude. The regular wavy profile (with a period of ∼4.38 Å) suggests that the energy variation corresponds to the periodic shift of atomic stacking (with a period of 4.26 Å) between the two neighboring SWCNT bundle. Parallel sliding between neighboring SWCNT bundles dissipates much less energy than that between two CNF fibers. Fig. 6D plots the variation of the total potential energy as a function of relative displacement of perpendicular sliding between two CNF fibers and that between two SWCNT bundles. In 
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Fracture involves a cascade of hydrogen bond breaking and re-forming events Fig. 4 . Envisioned molecular-level toughening mechanism of cellulose nanopaper. Failure involves a cascade of hydrogen bond forming, breaking, and reforming events, which dissipate a significant amount of energy, leading to much-enhanced fracture toughness of cellulose nanopaper.
perpendicular sliding mode, the difference between the two cases becomes even more drastic. For the case of CNF fibers, there is first a significant increase in the total potential energy, followed by the zigzag nature of the energy fluctuation similar to that in parallel sliding mode. The initial significant increase in total potential energy results from the severe bending of the bottom CNF fiber (Fig. 6B, Inset) . Such a severe bending further confirms the strong hydrogen bonding between the two CNF fibers, a feature not existing in the SWCNT bundle case, where both SWCNT bundles remain nearly undeformed during sliding process. The severe bending of CNF fibers before perpendicular sliding occurs also contributes additional external work required to completely separate two perpendicular CNF fibers. The collective effect of these deformation features at individual CNF fiber scale leads to significant enhancement of both fracture strain and toughness of the cellulose nanopaper. However, for the case of SWCNT bundles, the variation of total potential energy is nearly negligible, which can be attributed to further reduced contact area and even weaker vdW interaction in lack of commensurate stacking between two perpendicular SWCNTs. Fig. 6 E and F plot the evolution of resistant force when two neighboring CNF fibers (and two neighboring SWCNT bundles) slide in parallel and perpendicularly to each other, respectively. In both sliding modes, the magnitude of resistant force in CNF fiber case is substantially higher than that in the SWCNT case, shedding light on molecular scale understanding of the huge difference in tensile strength between cellulose nanopaper and SWCNT films.
Concluding Remarks
We rationally design and fabricate cellulose nanopaper by tuning the diameter of constituent cellulose fibers, which allows for what is, to our knowledge, the first-of-its-kind investigation of the size dependence of mechanical properties of cellulose nanopaper. Surprisingly, we find that both the ultimate tensile strength and toughness of the cellulose nanopaper increase significantly as the constituent cellulose fiber diameter decreases, suggesting an anomalous but highly desirable scaling law of mechanical properties: the smaller, the stronger and the tougher. The increase in tensile strength of cellulose nanopaper is attributed to reduced intrinsic defect size as the constituent cellulose fiber size decreases. A fracture mechanics model predicts that the tensile strength of cellulose nanopaper inversely scales with the square root of cellulose fiber diameter, in excellent agreement with experimental measurement over three orders of magnitude of fiber diameter. The simultaneous increase in toughness essentially results from the significant increase of strong hydrogen bonding among cellulose fibers as their diameter decreases. Further atomistic simulations reveal the key mechanism underlying this unconventional scaling law of mechanical properties: rich hydroxyl groups along cellulose molecular chains allow for facile formation and reformation of strong hydrogen bonding among neighboring molecular chains, which in turn dictate significantly enhanced resistance force and energy dissipation during intercellulose fiber sliding, and thus lead to both high tensile strength and toughness of the cellulose nanopaper. Such mechanistic understanding is further supported by control experiment, in which films made of SWCNT bundles of diameter comparable to that of cellulose fibers are shown to have drastically lower tensile strength and toughness, essentially due to rather weak vdW-type interactions in lieu of strong hydrogen bonding among building blocks.
The findings from the present study shed fundamental insight on the long-sought strategy addressing the conflict between strength vs. toughness in engineering material design by envisioning a bottom-up design strategy to achieve both high strength and toughness that is generally applicable for a wide range of other material building blocks. The opportunities are abundant and multifaceted. There exists a wide variety of other biodegradable cellulose fibers and manmade fibers, with rich features in morphology, length, topology, crystallinity, and surface groups that can be further leveraged to enable both strong and tough cellulose based materials under the same bottom-up design strategy (41) (42) (43) (44) (45) (46) . It is well established that functional groups can be introduced to the surface and ends of CNTs (47) (48) (49) . Properly functionalized CNTs (e.g., with carboxyl groups) can enable strong inter-CNT bonding and smaller CNT bundle size, holding promise toward strong and tough CNT films, another long-sought solution in nanocarbonbased materials. The fundamental bottom-up strategy can essentially go beyond 1D building blocks (tubes, wires, filaments) toward 2D building blocks [e.g., atomic layers of graphene oxide (GO), boron nitride, and molybdenum disulfide] and 1D/2D hybrids. For example, it has been recently shown that hybrid microfibers containing well-aligned and mixed 2D GO sheets and 1D CNF fibers are both much stronger and tougher than the microfibers made of pure GO sheets or CNF fibers, due to synergistic enhancement of bonding between GO and CNF fibers (50) . These fertile opportunities could lead toward a novel class of engineering materials that are both strong and tough with an array of potential applications, such as lightweight composites, flexible paper electronics, and energy devices.
Materials and Methods
The CNF dispersion is degassed for 20 min in a bath sonicator until no bubbles are observed in the dispersion. The dispersion is poured into the filtration apparatus containing a nitrocellulose ester filter membrane with a 0.65-μm pore size. The filtration time depends on the desired nanopaper thickness and CNF diameter. After filtration, a strong gel forms on top of the filter membrane. This gel "cake" is sandwiched between two smooth substrates and placed in a 40°C oven for 10-15 min. The final nanopaper with a 90-mm diameter, 30-to 50-μm thickness, and ∼1.2 g/cm 3 density is obtained after a 70°C hot press for 10-15 min. For control experiment, we prepare regular paper from the Kraft bleached softwood (Southern Yellow Pine) pulp via filtration with the same mass per area and the same pressure as the nanopaper. The regular paper thickness is ∼60 μm, with a density ∼0.8 g/cm 3 .
